A mural excavated at the Neolithic Ç atalhö yü k site (Central Anatolia, Turkey) has been interpreted as the oldest known map. Dating to ,6600 BCE, it putatively depicts an explosive summit eruption of the Hasan Dag ı twin-peaks volcano located ,130 km northeast of Ç atalhö yü k, and a birds-eye view of a town plan in the foreground. This interpretation, however, has remained controversial not least because independent evidence for a contemporaneous explosive volcanic eruption of Hasan Dag ı has been lacking. Here, we document the presence of andesitic pumice veneer on the summit of Hasan Dag ı, which we dated using (U-Th)/He zircon geochronology. The (U-Th)/He zircon eruption age of 8.9760.64 ka (or 69606640 BCE; uncertainties 2s) overlaps closely with 14 C ages for cultural strata at Ç atalhö yü k, including level VII containing the ''map'' mural. A second pumice sample from a surficial deposit near the base of Hasan Dag ı records an older explosive eruption at 28.961.5 ka. U-Th zircon crystallization ages in both samples range from near-eruption to secular equilibrium (.380 ka). Collectively, our results reveal protracted intrusive activity at Hasan Dag ı punctuated by explosive venting, and provide the first radiometric ages for a Holocene explosive eruption which was most likely witnessed by humans in the area. Geologic and geochronologic lines of evidence thus support previous interpretations that residents of Ç atalhö yü k artistically represented an explosive eruption of Hasan Dag ı volcano. The magmatic longevity recorded by quasi-continuous zircon crystallization coupled with new evidence for late-Pleistocene and Holocene explosive eruptions implicates Hasan Dag ı as a potential volcanic hazard.
Introduction
Starting from the discovery of the Neolithic settlement of Ç atalhöyük in the early 1960s by British archaeologist James Mellaart, the excavations at this location have provided unique insights into the living conditions of humans at the transition from hunter-gatherer to settled agriculture societies. One outstanding find is a mural from level VII of Ç atalhöyük ( Fig. 1 ) famously described by its discoverer as depicting a volcanic eruption [1] [2] [3] . Similar interpretations, differing in detail, have been put forward since then, implicating this painting not only as the oldest depiction of a volcanic eruption, but as a contender for being the first graphical representation of a landscape or a map [4] [5] [6] . Detailed volcanological interpretations of the painting include reconstructions of the eruptive style with the summit region showing ''falling volcanic 'bombs' or large semiliquid lava'' [6] . According to these interpreters, the most likely candidate for the erupting volcano depicted in the upper register of the painting (Fig. 1) is the twin-peak volcano of Hasan Dagı, located ,130 km NE of Ç atalhöyük. This view, however, has been contested, largely because of the extraordinary age of the mural, and the absence of any other landscape art or map until much later in history [7] cf. [8] . The depiction of a leopard skin underlain by geometric patterns has been proposed instead [7] .
A testable prediction of the volcanic eruption hypothesis for the Ç atalhöyük mural is a geologic record of an eruption which would fall into, or briefly predate, the time when the Ç atalhöyük mural was painted. Protracted periods of oral tradition over ,250 generations have been proposed for prehistoric native North American myths following the ,5700 BCE Mount Mazama eruption [5] . For the Ç atalhöyük map (and volcano) hypothesis to be plausible, however, we surmise that a brief line of oral tradition, or even an eye witness portrayal, is perhaps more likely than tradition of a myth that detached itself from its inspiration in the physical world. This is not to say that realism must prevail in Neolithic art, but many of the apparent details can be reasonably expected to become lost or obscured during a long period of oral tradition. A tradition that predated the settlement of Ç atalhöyük thus appears very unlikely, and hence we would predict a time period for the eruption between ,7400 and 6600 BCE based on the 14 C chronology of the Ç atalhöyük cultural strata [9] . Neither proponents nor opponents of the ''volcano'' hypothesis for the Ç atalhöyük painting have thus far scrutinized if and when such a volcanic eruption might have occurred.
The Discovery and Semiotic History of the Ç atalhö yü k Mural
The Ç atalhöyük ''map'' mural was first described by [2] as an approximately 3 m wide painting on the N and E wall of ''shrine'' 14 of excavation level VII (6430-6790 BCE; [9] ). Originally identified as cultic spaces, ''shrines'' are now viewed to represent domestic areas with more-or-less cultic or ritual significance [10] . Upon excavation, the wall-painting was photographed in-situ [2] , and subsequently publicized as a graphical reconstruction [3] . The original has since then been removed from the excavation site and it is presently curated in the Museum of Anatolian Civilizations in Ankara (Turkey). A reproduction is on display in lieu of the original at the excavation location.
The lower register of the mural (Fig. 1) contains ,80 squareshaped patterns tightly arranged like cells in a honeycomb, and its upper register depicts an object that its discoverers initially identified either as a rendering of a mountain with two peaks with the cell-like patterns representing a plan view of a village with a general layout of the houses similar to that of Ç atalhöyük and other nearby Neolithic settlements, or a leopard skin with its extremities cut off [1] [2] [3] . In the ''map'' interpretation, the volcano and its violent eruption are posited to have been significant for the inhabitants of Ç atalhöyük because they procured obsidian in the vicinity of (albeit not directly from) Hasan Dagı [2] ; cf. [11] . Alternatively, the natural spectacle of a cataclysmic eruption may have imprinted itself in the collective memory of the Ç atalhöyük residents, charging the mountain with special cultic or religious significance [8] . In the ''map'' school of interpretation, different ''villages'' and ''mountains'' have been proposed by various authors, based on preferred topographic configurations that would provide the best match in shape and height of the twin-peak summits (with potential matches often assessed using landscape photography) with the corresponding fiduciary features in the painting. These scenarios include Hasan Dagı (a youthful volcanic edifice; [2, 12] ), Melendiz Dag (a highly eroded volcanic complex; [13] ), or Karapinar (a field of scoria cones; [5] ) as the ''mountain'', and Ç atalhöyük [2] or Aşıklı Höyük [4] as the ''village''. Whereas 14 C ages for Asikli Höyük predate Ç atalhöyük, the Aşıklı Höyük satellite site of Musular was coeval with the early to middle phase of Ç atalhöyük [14] . Other archaeologists have dismissed the interpretation of a paired village-mountain altogether, and have reverted to Mellaart's original ''leopard skin'' interpretation with a geometric pattern in the lower register [7] . This view is founded on the common and often central artistic representations of leopards in wall-paintings and sculptures recovered from Ç atalhöyük, and the lack of any other archaeological records for maps in illiterate, non-urban societies [7] ; cf. [4, 8] .
The Hasan Dag ı Study Location
The Hasan Dagı (or Mount Hasan) stratovolcano has two characteristic peaks of similar elevation (3253 and 3069 m), forming Big and Small Mount Hasan. The composite edifice looms over the surrounding basins with their base elevation of nearly 1000 m. Its edifice was constructed over multiple stages identified as Paleo-, Meso-, and Neo-Hasan Dagı by extrusive dome emplacement and intermittent collapse events associated . An alternative interpretation is that of a leopard skin underlain by a geometric pattern [7] . Image reproduced from Fig. 2 in [7] . 3D rendering of Hasan Dag ı twin peaks volcano as seen from N (D). doi:10.1371/journal.pone.0084711.g001 ; age = zircon-melt two point isochron age for melt = ( with ignimbrite volcanism [15] [16] [17] . Limited geochronological data [17] indicate emplacement of the oldest lavas at 7.2160.01 Ma (K-Ar), and ignimbrites emplacement during an early caldera collapse at 6.3160.20 Ma ( 40 Ar/ 39 Ar) which are contemporaneous with wide-spread Neogene ignimbrite volcanism in Cappadocia [18] . Only one K-Ar age for Meso-Hasan Dagı is published (,0.58 Ma; [19] ), and it is consistent with subsequent (,270 ka; [17, [19] [20] ) ignimbrite activity, dome extrusion with associated block and ash flow deposition, and peripheral scoria cones and maar eruptions that are collectively attributed to the Neo-Hasan Dagı stage. The Neo-Hasan Dagı edifice with its two summits is composed of collapsed andesitic to rhyodacitic lava domes creating a wide-spread apron of hot-emplacement pyroclastic deposits. The resulting nuée ardente deposits and interlayered lapilli-tephra beds are stacked in ,10-20 m thick sequences which are exposed by channel erosion of the volcano's flanks. Compositionally distinct rhyolitic lavas (including obsidian) and unwelded ignimbrites are restricted to the lower reaches of the Neo-volcanic edifice in the N, S, and W.
Available radiometric ages for Neo-Hasan Dagı dome lavas are from whole-rock or groundmass dating using K-Ar techniques [17, [19] [20] [21] [22] [23] . These ages indicate late Pleistocene activity, with an andesitic lava dome from the N flank of the volcano yielding a maximum age of 6 ka [16] , and another andesitic lava flow erupted at the W base of the volcano (near Aşagı Dikmen village) with zero-age 40 Ar [22] . Two summit domes yielded K-Ar ages of 29 and 33 ka [22] . These ages, while suggestive of very recent activity, lack independent confirmation, and in case of late Pleistocene K-Ar ages excess radiogenic 40 Ar remains an untested possibility. No radiometric age determinations for pyroclastic deposits from Neo-Hasan Dagı were available prior to this study.
Sampling
Sampling complied with all relevant regulations, did not impact endangered or protected species, and did not require permits for the described study. Sample HD was collected from the summit region of Big Hasan Dagı peak (location 36S 602261E/4220954N; coordinates in UTM/WGS84 format). The outcrop is at 3160 m elevation, ,22 m below the northern crater rim (Fig. 2 a) . The deposit is located on a ridge with strewn pumice on the surface (Fig. 2 b-d) . It is an unconsolidated single fall-out unit, lacking any major internal stratification except for potential reworking of the top 10-30 cm. Pumice clasts (9 cm maximum pumice diameter as average of the five largest clasts observed in outcrop) are angular, grey-white in color, with occasional pinkish discoloration. Lithic clasts comprise vitric lava and have an average maximum clast size of 7 cm. The second sample HDA is from the SW flank of the volcano (location 36S 599557E/4215676N) where pumice veneer was found as unconsolidated slope debris. A single pumice block ,50 cm in diameter was collected. HD and HDA pumice as well as lithic clasts contain plagioclase and hornblende phenocrysts. Inductively coupled plasma (ICP) optical emission analysis revealed an andesitic composition of the sampled pumice clasts. Samples were retrieved from the subsurface by removing the top ,20 cm of cover to exclude material possibly affected by reheating (e.g., lighting or wild fires).
Analytical Methods
Zircon crystals were extracted from crushed and sieved rock powder. Matrix glass was dissolved through reaction with cold HF. The acid-insoluble mineral fraction was density-separated using heavy liquids (.3.3 g/cm 3 ) to extract zircon. Large (.100 mm in width) euhedral crystals were then hand-picked and pressed into indium metal so that crystals' prism faces were level with the mount surface. U-Th Secondary Ionization Mass Spectrometry (SIMS) analysis of crystal faces was conducted using established protocols for a CAMECA ims1270 in dynamic multi-collection mode [24] . Crater depths were ,5 mm. A subset of crystals (preferentially those with old U-Th rim ages) was extracted for (UTh)/He analysis using noble gas mass spectrometry (for 4 He analysis) and ICP mass spectrometry (MS) for U and Th abundances following protocols in [25] . The remainder of crystals was subsequently grinded and polished to a depth of ,20 mm to expose the interiors. The crystal interiors were then analyzed by SIMS in the same fashion as the rim analyses, permitting a direct comparison of rim and interior ages (between ,20 and 25 mm depth) for the same crystals (Table 1) . U-Th two-point isochron ages were calculated using SIMS zircon compositions and wholerock U and Th abundances determined by ICP-MS (ACME LabsCanada) as representative for the melt composition. Secular equilibrium was reasonably assumed for the melt given the overall longevity of the Hasan Dagı magma system, and an average value of ( 238 U)/( For young (,380 ka) accessory minerals, U-series disequilibrium corrections are significant for accurate (U-Th)/He dating [26] . This is because a deficit in 230 Th at the time of zircon crystallization translates into a deficit of 4 He produced by radioactive decay relative to secular equilibrium. Other disequilibria in U-decay series (e.g., 231 Pa, 226 Ra) are of secondary importance. To enable a correction for 230 Th deficits, U-Th ages were determined for all zircons used for (U-Th)/He dating. In order to preserve enough crystal volume for subsequent He analysis, only U-Th zircon rim ages (of unsectioned crystals) could be determined. The interior ages of the zircons thus remain unknown, but they must fall between the rim crystallization age and secular equilibrium. This uncertainty was propagated into our (U-Th)/He age correction using the MCHeCalc software developed at UCLA. Because crystals which have old (near secular equilibrium) rim ages also have the least uncertainty regarding the disequilibrium correction, these crystal were preferentially selected for (U-Th)/He analysis, and their ages bear more strongly for the error-weighted average age.
Results and Discussion

U-Th Zircon Crystallization Ages
A total of 91 secondary ionization mass spectrometry (SIMS) spot analyses on rims and interiors of zircons from HD and HDA were conducted (Table 1) . Nearly 50% of the 27 analyzed HD and HDA zircon interiors are in secular equilibrium with ( 230 Th)/ ( 238 U) overlapping unity within 1s uncertainty, and are thus older than ,380 ka. Only a small number of rim ages (2 out of 64) are in secular equilibrium, whereas most rims show significant 230 Th deficits attesting to their young age.
The rim ages for HD and HDA overlap, but they show a significant difference in that HD zircon rim crystallization ages peak at ,29 ka, whereas the youngest ages in HDA rims peak at ,49 ka (Fig. 3 ). An ,49 ka peak is also present in the interiors of the HD zircons which indicates that HD zircon nucleated on pre- Figure 4 . Ranked order plots for disequilibrium-corrected (UTh)/He zircon ages for Hasan Dag ı. Individual eruption ages (red dashed lines) for samples HD (A) and HDA (B) were calculated as errorweighted averages from (U-Th)/He zircon analyses. Errors comprise analytical uncertainties plus the uncertainty for the disequilibrium correction, and are bracketed by secular equilibrium (minimum age), and the disequilibrium-corrected age that corresponds to the measured U-Th rim crystallization age, assuming that it represents the crystallization age for the entire crystal (maximum age). Zircon crystals where rim ages are in (near-) secular equilibrium thus have the lowest uncertainties. Three crystals in sample HD yield (U-Th)/He ages that are too old to be reconciled with the average of the population. We interpret them as xenocrysts from pumice of older eruptions, and thus excluded them from the average. Weighted average age errors account for systematic and analytical uncertainties, and are quoted at 2s; error bars plotted at 1s. doi:10.1371/journal.pone.0084711.g004 Table 2 . Summary of U-Th and (U-Th)/He zircon ages. existing zircon of HDA age, and continued to crystallize for several 109s of ka. With few exceptions, interior ages are older than the corresponding rim ages on the same crystal. Only grain 8 of sample HD has indistinguishable rim and interior ages. This suggests that protracted zircon crystallization is typically recorded in individual crystals and the overall crystal population. No attempts were made to determine the age of secular equilibrium crystals or crystal domains through U-Pb analysis, but we speculate that the secular equilibrium crystals represent recycled crystal cargo from intrusive rocks dating back to the activity of Paleo-and Meso-Hasan Dagı. This evidence for protracted zircon crystallization recorded in individual crystals and crystal populations adds to an increasing data body indicating that zircon longevity and recycling is common in long-lived volcanic systems in magmatic arcs such as the Cascades [27] or the Lesser Antilles [28] . In these cases, the origin of zircon has been ascribed to plutonic rocks which represent the unerupted residue of earlier magmatic pulses. Crystals from these plutonic rocks then became remobilized during subsequent stages of renewed magmatic activity. Such a scenario appears also plausible for Hasan Dagı: the presence of zircon (typical for evolved silicic melts) in comparatively primitive andesitic pumice suggests mixing of different magma types [16] .
(U-Th)/He Zircon Eruption Ages
Following the U-Th rim analyses, a subset of 15 and 18 crystals from HD and HDA, respectively, was selected for (U-Th)/He analysis ( Fig. 4 ; Table 2 ). The selection was based on crystal size and integrity, with a preference for older rim ages because of the lesser impact of the disequilibrium correction (see below). In contrast to heterogeneous U-Th zircon crystallization ages in a long-lived magma system resulting from diffusive immobility of the 238 U and 230 Th parent-daughter pair, (U-Th)/He zircon ages for volcanic rocks are normally expected to uniformly record cooling upon eruption. We consequently calculated error-weighted averages for both samples which are 8.9760.64 ka (n = 12) for HD and 28.961.5 ka for HDA (n = 18). Because the crystal interiors are inaccessible to direct isotopic analysis by SIMS unless a large portion of the crystal is removed to expose the interiors at the surface, we lack direct constraints for the interior ages. An equal probability for the crystallization age between the limits set by the rim age and secular equilibrium is assigned. The prevalence of secular equilibrium interiors is an indication that the younger ages (i.e., the left side of the thick error bar in Fig. 4 ) might be more likely, but we presently see no reliable way of how to assess this probability for individual crystals. The best strategy to minimize this uncertainty is therefore to target crystals with rim ages are at or close to secular equilibrium. These crystals, unfortunately rare in overall population, were preferentially analyzed for (U-Th)/He dating.
Resetting of the (U-Th)/He ages by wildfires, lighting, or heating through lava can be excluded because the samples were collected from the subsurface, and away from any contacts with younger lava flows or domes. We therefore interpret these ages as dating the eruptive cooling of the HD and HDA pumice. Three HD crystals are, however, distinctly older than the remaining younger population. Because HD zircon was extracted from composite pumice, we suspect that an older pumice population was mixed into the deposit, either during the eruption or by posteruptive reworking. The accuracy of the (U-Th)/He ages is underscored by their consistency with the U-Th crystallization ages, which always predate the eruption. The apparent gap in the youngest U-Th crystallization ages and the eruption is in agreement with the proposed magma mixing scenario whereby a crystalline mush or intrusion becomes remobilized by andesitic recharge. Rounding of the zircon tips is indicative of partial resorption of these crystals when they became entrained into the andesitic magma.
Eruptive Ages Compared with Ç atalhö yü k Archaeological Ages
Published K-Ar ages for lava samples from Hasan Dagı (Fig. 5) often have high uncertainties, or are maximum ages because of near-background 40 Ar levels, and thus have little bearing on precisely dating Holocene eruptive activity at Hasan Dagı. There is, however, a late Pleistocene K-Ar age for a lava flow corresponding to the ,29 ka (U-Th)/He age of sample HDA, suggesting contemporaneous effusive and explosive activity. New (U-Th)/He eruption ages for Holocene sample HD overlap closely with published 14 C ages for the cultural strata excavated at Ç atalhöyük (including level VII which contains the ''volcano'' wall-painting; Fig. 5 ). The eruption age for HD (69606640 BCE in calendar years) is indistinguishable from the cultural occupation of Ç atalhöyük within uncertainty, whereas published K-Ar ages (Fig. 5C ) lack any overlap between the 14 C ages for level VII. Analytical uncertainties of 14 C and (U-Th)/He ages preclude any temporal correlation at less than millennial time scales, and therefore a residual uncertainty remains regarding the contemporaneity of the painting with the eruption. Nevertheless, our data are the first evidence for a volcanic eruption of Hasan Dagı coeval with human presence at Ç atalhöyük. C ages of cultural strata at Ç atalhö yü k including level VII containing the ''map'' mural (C) . The HDA (U-Th)/He zircon age closely overlaps with a K-Ar age for a Hasan Dag ı summit crater lava [23] , and thus may represent the same eruptive episode. The HD (U-Th)/He zircon age of 8.9760.64 ka (red bar projected over all panels) is the youngest (barring two K-Ar ages ,0 ka and ,6 ka age reported in [23] and [16] , respectively), and best constrained Holocene eruption age for Hasan Dag ı. It closely overlaps with Ç atalhö yü k 14 C ages (level VII ,8.4-8.6 ka; [9] ). Pre-50 ka activity for Hasan Dag ı is documented by K-Ar ages as old as 270620 ka [20] which agree with the abundance of (near-)secular equilibrium U-Th zircon ages (Fig. 3) . doi:10.1371/journal.pone.0084711.g005
The radiometric age, and the following geologic evidence corroborates the ''volcano'' hypothesis: (1) the HD deposit is the product of a low-elevation volcanic plume, presumably from a small-volume eruption, because it lacks wide-spread distal tephra; this is in accordance with the volcanological interpretation of the painting showing ''mild Strombolian activity'' [5] ; (2) the deposit is present in the summit region of the taller peak (Big Hasan Dagı), as predicted from the painting; and (3) the hot emplacement of juvenile pumice (in contrast to a ''cold'' phreatic eruption) indicated by young (U-Th)/He ages implies magma ascent to shallow levels, and possibly an associated dome extrusion; this would represent a wide-visible eruption. Beyond the archaeological context, our results reveal recurrent explosive eruptive activity from a magma system that has been active for .380 ka. Additional mapping and dating is required to establish a more complete picture of how explosive eruptions of Hasan Dagı for the Holocene impacted the geologic, climatic, and anthropological evolution of the region.
Conclusions
Combined U-Th and (U-Th)/He zircon geochronology provides the first radiometric age evidence for an explosive volcanic eruption of Hasan Dagı during the Holocene. The eruption age for pumice veneer from the summit of Hasan Dagı closely overlaps with the occupation of Ç atalhöyük, and it therefore plausible that humans in the region witnessed this eruption. The geometric characteristics of the ''volcano'' in the upper register of the Ç atalhöyük mural appear consistent with the location and fall-out deposition of the pumice. An older explosive eruption at ,29 ka is evident from (U-Th)/He zircon dating of a pumice deposits at the base of Hasan Dagı. This age agrees with a K-Ar age for a lava flow from Hasan Dagı. The youngest zircon crystallization ages are within uncertainty of the eruption age, but some rim and interior ages predate the eruption by at least 380 ka. The volcanic edifice of Neo-Hasan Dagı is underlain by a long-lived magmatic system in which zircon quasi-continuously crystallized over several 100,000 years in an evolved silicic magma. Zircon-bearing magma from this reservoir was episodically remobilized and tapped in eruptions that involved thermal and compositional rejuvenation of the shallow silicic magma by more mafic injections from depth. In the light of the overall longevity of the Hasan Dagı magma system and radiometric evidence for Holocene eruptions, there is no indication that its activity is waning.
